INTRODUCTION
The ability to generate action potentials, or ''spikes,'' in response to synaptic input is one of the defining characteristics of a neuron. Spikes represent the principal output of a neuron, they are believed to be the key carrier of information in the brain, and their all-or-none nature underpins the neural code (Adrian, 1928; Rieke et al., 1999) . Additionally, spiking activity is closely associated with activity-dependent plasticity processes. Spikes can elicit specific plasticity signals (Sjö strö m and Nelson, 2002) , and some of the most powerful synaptic plasticity mechanisms rely on precise temporal sequences of pre-and postsynaptic spiking (Dan and Poo, 2004; Magee and Johnston, 1997; Markram et al., 1997; Zhang et al., 1998) . In the visual system, for example, a developing neuron's ability to generate spikes in response to sensory input enables that neuron to both contribute to visual perception and to use spike-dependent plasticity mechanisms to modify its receptive field (RF) properties (Engert et al., 2002; Mu and Poo, 2006; Richards et al., 2010b; VislayMeltzer et al., 2006) . The emergence of a neuron's spiking activity therefore represents a pivotal stage in its maturation.
Fundamentally, a developing neuron's ability to generate spikes in response to sensory input requires that the neuron has the appropriate levels of intrinsic excitability and receives sufficiently strong excitatory synaptic inputs. Previous studies have described the maturation of the intrinsic electrical properties of neurons (Spitzer et al., 2002; Spitzer and Ribera, 1998) and have shown that aspects of excitatory and inhibitory synaptic transmission undergo a series of important developmental changes (Ben-Ari, 2001; Hennou et al., 2002; Khazipov et al., 2001; Tyzio et al., 1999; Wu et al., 1996) . However, it is not known how these processes are coordinated in order to enable a neuron to start firing action potentials in response to sensory inputs, or whether this transition is activity dependent.
Here we make use of an in vivo experimental system that affords the opportunity to capture a developing neuron's conversion from non-spiking to spiking. We have investigated the development of synaptically driven spiking of neurons in the principal visual area of Xenopus laevis, the optic tectum. The optic tectum receives patterned visual input from the moment that retinal ganglion cell axons first innervate the structure (Gaze et al., 1974; Holt and Harris, 1983; Richards et al., 2012) , and it has served as an important model system for the study of activity-dependent development (Cline, 1991; Debski and Cline, 2002; Richards et al., 2010a; Ruthazer and Cline, 2004) . Indeed, it was the first system in which spike-timing-dependent plasticity was demonstrated in vivo (Zhang et al., 1998) .
We report that at the onset of vision, a significant proportion of neurons in the optic tectum do not fire sensory-driven spikes, despite receiving visuotopically organized synaptic input. These ''silent'' neurons are intrinsically excitable, but receive insufficient levels of glutamatergic input to drive them to their spike threshold. Nevertheless, a brief period of visual stimulation can convert these neurons such that they rapidly begin to communicate visual information via spikes. This conversion involves a selective increase in glutamatergic input, in a process that is independent of postsynaptic spiking. We show that the conversion to spiking is dependent on visually evoked depolarizing g-aminobutyric acid (GABA)-ergic transmission and N-methyl-D-aspartate receptor (NMDAR) activation, which are both properties displayed by non-spiking neurons. Thus we describe the experience-dependent emergence of sensory-evoked spiking in developing neurons-a transition that has important consequences for a neuron's contribution to sensory coding and further activity-dependent development.
RESULTS

Tectal Neurons at the Onset of Vision Can Receive Visually Evoked Synaptic Input but Not Spike
To examine the relationship between a developing neuron's spiking output and its synaptic input, we performed sequential cell-attached and whole-cell patch-clamp recordings from individual tectal neurons in vivo. Recordings were performed from the caudal region of the optic tectum of unanesthetized Xenopus laevis tadpoles at stages 41-44 ( Figures 1A and 1B, Figure S1 ), shortly after the first visual responses can be recorded (Gaze et al., 1974; Holt and Harris, 1983; Richards et al., 2012) . For each neuron, visually evoked spiking activity was first assessed in the cell-attached configuration (which ensured that the intracellular milieu was left undisturbed), while the animal viewed RF mapping stimuli consisting of white squares flashed on a black background (see Experimental Procedures; Richards et al., 2010b; Tao and Poo, 2005) . We then sought to move into the whole-cell recording configuration, in order to examine visual synaptic inputs to the same neuron. Glutamatergic synaptic inputs were isolated by recording at the reversal potential for GABAergic responses, and vice versa ( Figures 1B and 1C) .
These recordings identified a population of developing tectal neurons that exhibited stimulus-dependent spiking activity in response to the RF mapping stimuli (''visually spiking neurons''; 32%, 42/131 neurons; see Experimental Procedures). In addition, our recordings revealed a population of neurons that failed to exhibit action potentials in response to the visual stimuli (''visually non-spiking neurons''; 68%, 89/131) and yet often received visually evoked synaptic inputs. Indeed, many of the non-spiking neurons passed our criteria for reliably exhibiting both visually evoked glutamatergic and GABAergic synaptic inputs (see Experimental Procedures; 52%, 46/89 visually non-spiking neurons; 76%, 32/42 visually spiking neurons, Figure 1D ). In fact, among the non-spiking neurons that received visual input, many exhibited spatially coherent synaptic RFs, although the proportion of neurons with spatially coherent glutamatergic RFs was higher in the visually spiking population (p = 0.014, Fisher's exact test; Figure 1E ). A RF was deemed spatially coherent if there was a significant negative correlation between the distance from the RF center and the response amplitude at that location (see Supplemental Experimental Procedures) .
Visually spiking and non-spiking neurons did not differ in their rostrocaudal position within the tectum ( Figure S1 ). Furthermore, the lack of action potentials in visually non-spiking neurons was not restricted to the RF mapping stimuli: 90% (37/41) of visually non-spiking neurons also failed to spike in response to full-field flash stimuli and 98% (40/41) failed to spike in response to a moving bar stimulus ( Figure 1F ; see Experimental Procedures). Although it was not possible to exhaustively sample stimulus space, the fact that a neuron's lack of visual spiking was evident across different stimuli suggested it was a general feature of these neurons. Given the crucial role of spiking activity in sensory coding and synaptic plasticity, we sought to understand why these developing neurons do not spike and how they become part of the functional network.
Visually Non-spiking Tectal Neurons Receive Weaker Glutamatergic Synaptic Drive A potential explanation for the lack of visually evoked spiking is that the neurons could exhibit immature intrinsic excitability (Spitzer et al., 2002; Spitzer and Ribera, 1998) . We therefore investigated whether visually non-spiking neurons were able to spike in response to somatic current injection (Figure 2A ; see Experimental Procedures). Without exception, visually nonspiking neurons were able to generate spikes in response to depolarizing currents (100%; 22/22 neurons). Visually non-spiking neurons (4.7 ± 0.6 spikes, n = 22) and visually spiking neurons (5.6 ± 0.7 spikes, n = 18) were able to support similar numbers of spikes in response to current injection (p = 0.31), although visually non-spiking neurons exhibited a small but statistically significant difference in their spike threshold (spiking neurons: À42.5 ± 0.9 mV, n = 18; non-spiking neurons: À38.2 ± 0.9 mV, n = 22; p = 0.002; Figures 2B and 2C ). To further assess intrinsic excitability, voltage-gated currents were measured while stepping the neuron to different holding potentials in voltage clamp mode. A fast Na + current, plus transient and sustained K + currents, could be observed in all neurons when the membrane was depolarized ( Figure 2D ). Thirty-nine percent (7/18) of spiking neurons, compared to only 14% (3/22) of non-spiking neurons, showed fast inward current at the most hyperpolarized holding potential to activate the voltage-gated Na + current (À45 mV).
However, no statistically significant difference was detected between spiking and non-spiking neurons in the amplitude of the fast Na + current at different holding potentials (main effect of Figure 2E ). Finally, measurements of the passive membrane properties also revealed no differences. No significant difference was detected in the neurons' resting membrane potential (spiking neurons: À57.3 ± 2.4 mV, n = 18; non-spiking neurons: À62.6 ± 1.9 mV, n = 22; p = 0.088), membrane resistance (spiking neurons: 1.32 ± 0.11 GU, n = 18; non-spiking neurons: 1.54 ± 0.15 GU, n = 22; p = 0.24) or membrane capacitance (spiking neurons: 17.3 ± 0.59 pF, n = 18; non-spiking neurons: 17.8 ± 0.65 pF, n = 22; p = 0.56).
We next examined whether visually spiking and non-spiking neurons differed in their synaptic inputs, and this revealed a major difference between the two groups of neurons. The visually evoked glutamatergic conductances of the non-spiking neurons were found to be five times smaller than those of the spiking neurons (Figures 3A and 3B; spiking neurons: 21.0 ± 4.0 pS*s, n = 32; non-spiking neurons: 4.1 ± 0.5 pS*s, n = 46; p < 0.001). In contrast, there was no difference in the size of visually evoked GABAergic conductances between visually spiking and nonspiking neurons (Figures 3C and 3D ; spiking neurons: 50.9 ± 7.7 pS*s, n = 32; non-spiking: 36.5 ± 7.6 pS*s, n = 46; p = 0.20). This suggests that a lack of synaptic excitation contributes to the lack of visual spiking activity.
To explore how intrinsic excitability and synaptic excitation can influence spiking activity, we created a computer model of a developing tectal neuron ( Figure 3E ; see Experimental Procedures). Importantly, the model neuron generated realistic numbers of spikes, with a very low spike probability (4.4% of trials) when the mean synaptic conductance and excitability were sampled from the non-spiking population, and a high spike probability (34.2% of trials) when values were sampled from the spiking population ( Figure 3F ). When the synaptic and intrinsic properties of the model were systematically varied over the experimentally observed range of values, it was found that the size of glutamatergic input had a pronounced effect on spike probability, whereas the intrinsic properties resulted in more modest changes ( Figure S2 ). For example, it was observed that increasing the glutamatergic drive to the mean of the spiking neurons (Point 1 in Figure 3F ) resulted in a large increase in spike probability (4.4% to 25.0%). In contrast, keeping the glutamatergic drive constant but shifting the spike threshold to the mean of the spiking neurons (Point 2 in Figure 3F ) resulted in a more subtle increase in spike probability (4.4% to 7.6%). This supports the idea that it is principally a lack of strong visually evoked glutamatergic drive that prevents visually non-spiking neurons from generating action potentials in response to visual stimuli.
Visually Non-spiking Neurons Can Be Rapidly Converted into Spiking Neurons
Previous work has shown that visually spiking tectal neurons participate in spike-dependent synaptic plasticity mechanisms (Engert et al., 2002; Mu and Poo, 2006; Richards et al., 2010b;  (E) In a computer model of a developing tectal neuron, visually evoked synaptic currents were randomly selected from the experimental data and scaled (top) to match the mean amplitude for visually spiking neurons or non-spiking neurons. The model was then used to simulate the effect of these inputs on the membrane potential (bottom). Example traces are shown when data were used from a visually spiking neuron (left, black traces) or from a visually nonspiking neuron (right, gray traces). Dashed lines indicate the mean spike threshold observed for visually spiking (black) and non-spiking (gray) neurons. Note that the membrane potential for the visually spiking data crosses both spike thresholds, whereas the visually non-spiking membrane potential remains below both spike thresholds.
(F) Spike probability plotted as a function of spike threshold and glutamatergic input size, as determined from simulations such as in (E). Each data point represents 500 trials. Grey and black dots indicate the experimentally observed values for visually non-spiking and visually spiking neurons, respectively. Increasing a non-spiking neuron's glutamatergic input to the level of a spiking neuron resulted in a large increase in spike probability (Point 1). In contrast, moving a non-spiking neuron's spike threshold to the level of a spiking neuron had a more modest effect on spike probability (Point 2).
Error bars indicate the standard error of the mean.
Vislay-Meltzer et al., 2006
). Given that non-spiking neurons do not have spikes at their disposal, we investigated whether these neurons use alternative activity-dependent mechanisms to become active contributors to the network. Non-spiking neurons were first identified in the cell-attached configuration, and the animal was then exposed to 15 min of a visual conditioning stimulus-a white bar moving on a black background in one of the cardinal directions (Richards et al., 2010b) . Following the conditioning protocol, a significant proportion of non-spiking neurons now generated visually evoked spikes ( Figure 4A ). We refer to these as ''converted'' neurons. Converted neurons had spiking responses that were significantly time-locked to the stimulus (p < 0.05, bootstrap test, Figure 4B ), although they exhibited a somewhat broader distribution of visually evoked spike times than established spiking neurons ( Figure S3) . At a population level, 27% (14/51) of the non-spiking neurons that were exposed to the drifting bar conditioning stimulus converted into visually spiking neurons. These data demonstrate that the transition from being a functionally silent neuron to one that exhibits stimulus driven spiking can be a rapid, experience-dependent process.
To assess whether the first spiking responses of a neuron convey visuospatial information, we constructed RF maps for converted neurons and measured their spatial coherence (Figure 4C) . In 29% (4/14) of converted neurons, the spiking RF maps had spatially coherent responses, which was significantly above chance (p = 0.004, binomial test) and not statistically different from established spiking neurons ( Figure 4D ; 16/32, p = 0.16, Fisher's exact test). Interestingly, established spiking neurons, but not converted neurons, showed changes in their RF spatial structure that reflected the statistics of the conditioning stimulus ( Figure S3) . Thus, the process of converting to spiking may not adjust the neuron's RF to reflect the statistics of the sensory input, but it provides a rapid, experience-dependent mechanism that enables a non-spiking neuron to start conveying visual information to the circuit. To test whether the conversion of nonspiking neurons can also occur under more physiologically relevant conditions, we exposed animals to naturalistic stimuli (movie sequences from natural history documentaries, comprising a range of spatial and temporal frequencies and contrasts). We found that non-spiking neurons showed robust, sub-threshold synaptic responses to these naturalistic stimuli ( Figure 5A ) and that repeatedly exposing the animals to these naturalistic stimuli over a period of 15 min could also convert non-spiking neurons ( Figure 5B ). Finally, to confirm that visual stimulation was necessary for the conversion of non-spiking neurons into spiking neurons, we conducted a control experiment in which the animals viewed a dark screen for 15 min (Figure 5B) . In this experiment, the rate of conversion was very low (6%, 3/48). The rate of conversion with the drifting bar stimulus (27%, 14/51) and the naturalistic sequences (33%, 3/9) were both significantly higher than the conversion rate in the dark (Bar versus Dark: p = 0.007; Naturalistic versus Dark: p = 0.044; Figure 5C ) and not significantly different from each other (Bar versus Naturalistic: p = 0.70). These experiments indicated that the conversion process can be driven by physiologically relevant sensory experience. We next addressed the cellular changes that are associated with the transition to spiking.
Increased Glutamatergic Input Underlies the Conversion to Visually Evoked Spiking Behavior
Our modeling data suggested that changes in excitatory synaptic strength are the strongest predictor of tectal spiking probability ( Figure 3, Figure S2 ). However, both synaptic inputs and intrinsic excitability can be influenced by sensory experience (Aizenman et al., 2003; Engert et al., 2002; Mu and Poo, 2006; Vislay-Meltzer et al., 2006) . To investigate which of these factors contribute to the conversion from non-spiking to spiking, we used gigaseal cell-attached recordings to monitor the complete conversion of a non-spiking neuron into a visually spiking neuron and then switched the recording configuration to whole-cell mode. These recordings enabled us to relate the conversion process to individual cell properties (see Experimental Procedures). Figure 6A ) indicated that the mean spike threshold for converted neurons was not significantly different from that of visually non-spiking neurons (converted: À36.5 ± 0.9 mV, n = 5; non-spiking: À38.2 ± 0.9 mV, n = 22; p = 0.39). Converted neurons were also able to fire a similar number of spikes in response to current injection (converted neurons: 6.00 ± 1.6 spikes, n = 5; non-spiking neurons: 4.68 ± 0.6 spikes, n = 22; p = 0.37), and the voltage-gated Na + and K + currents of converted neurons and visually non-spiking neurons were not significantly different ( Figure 6B ; p > 0.05, repeated-measures ANOVAs). Finally, we did not detect a significant difference in the resting membrane potential (converted: À70.1 ± 1.8 mV, n = 5; non-spiking: À62.6 ± 1.9 mV, n = 22; p = 0.083), membrane resistance (converted: 1.66 ± 0.24 GU, n = 5; non-spiking: 1.54 ± 0.15 GU, n = 22; p = 0.73), or membrane capacitance (converted: 17.46 ± 1.19 pF, n = 5; non-spiking: 17.82 ± 0.65 pF, n = 22; p = 0.82) between converted neurons and visually non-spiking neurons. Meanwhile, visually evoked glutamatergic inputs were substantially larger in converted neurons ( Figure 6C ). The mean integrated glutamatergic synaptic conductance in response to RF stimuli was 13.5 ± 4.8 pS*s in converted neurons, compared to 4.1 ± 0.5 pS*s in visually non-spiking neurons (n = 5 and 46, respectively; p < 0.001). The peak glutamatergic synaptic conductance was also over 3-fold larger in converted neurons (383 ± 60 pS) compared to visually non-spiking neurons (114 ± 10 pS; n = 5 and 46, respectively; p < 0.001). These changes in the magnitude of the glutamatergic responses were not accompanied by detectable changes in the kinetics of the responses ( Figure S4 ).
Current clamp recordings (
In contrast, the magnitude of visually evoked GABAergic inputs in the converted neurons was indistinguishable from that of non-spiking neurons ( Figure 6D ; converted neurons: 37.0 ± 14.3 pS*s, n = 5; visually non-spiking neurons: 36.5 ± 7.6 pS*s, n = 46; p = 0.98). To confirm the difference in glutamatergic input, we examined responses to full-field flash stimuli. This independent experiment also revealed substantially larger glutamatergic inputs to converted neurons (converted: 50.1 ± 12.2 pS*s, n = 10; non-spiking: 15.1 ± 8.2 pS*s, n = 14; p = 0.021). Next, to investigate whether the increase in glutamatergic input was pre-or postsynaptic in origin, we compared the ratio of AMPA receptor-mediated and NMDA-receptor mediated responses in non-spiking neurons and converted neurons. Having assessed spiking and conversion in gigaseal mode, we switched to whole-cell configuration to investigate glutamatergic synaptic currents while pharmacologically blocking GABAergic responses in the tectum (see Experimental Procedures; Figure S4 ). We found that the AMPA/NMDA ratio of converted neurons was significantly higher than that of non-spiking neurons ( Figure 6E ; converted: 0.15 ± 0.05, n = 5, non-spiking 0.035 ± 0.016, n = 14; p = 0.003), suggesting that the conversion-related increase in glutamatergic input is postsynaptic in origin. No difference was detected in the NMDAR-mediated response of converted and non-spiking neurons (converted: 370.1 ± 94.2 pS*s, n = 5; non-spiking: 257.0 ± 119.5 pS*s, n = 14; p = 0.60). Hence, the activity-dependent conversion of visually non-spiking neurons into visually spiking neurons relies on a selective increase in glutamatergic synaptic input. Consistent with this idea, when the experimentally observed values for converted neurons were inserted into our model tectal neuron, an increase in spike probability was observed (non-spiking: 4.4%, converted: 15.6%). While visually driven potentiation of glutamatergic inputs has been described in the optic tectum, these changes have been shown to require postsynaptic action potentials (Engert et al., 2002; Mu and Poo, 2006) . A non-spiking neuron must therefore use an alternative mechanism to recruit glutamatergic synaptic input and convert to spiking behavior.
The Conversion of Non-spiking Tectal Neurons Requires
Depolarizing GABAergic Inputs and NMDA Receptor Activation As in other developing systems (Ben-Ari et al., 2007; Owens and Kriegstein, 2002) , immature tectal neurons can exhibit depolarizing GABAergic synaptic inputs due to developmental differences in Cl À transporter mechanisms, which change the driving force on Cl À -permeable GABA A receptors (GABA A Rs) (Akerman and Cline, 2006) . It has been proposed that such depolarizing GABAergic inputs are well placed to relieve the voltage-dependent Mg 2+ -block of NMDARs (Akerman and Cline, 2006; Leinekugel et al., 1997) , which are directly implicated in the potentiation of glutamatergic synapses (Malenka and Bear, 2004) . We hypothesized that such a mechanism could be used by nonspiking tectal neurons to potentiate their glutamatergic synaptic input. First, to test whether non-spiking neurons exhibit depolarizing GABA A R responses, we performed in vivo gramicidin perforated patch-clamp recordings in order not to disrupt intracellular Cl À levels (Kyrozis and Reichling, 1995) . Assessment of the neuron's spiking activity was made before membrane perforation (i.e., in cell-attached mode). These experiments revealed that a large proportion of visually non-spiking neurons (59%; 13/22) exhibit depolarizing GABAergic responses (mean depolarizing response: +5.6 ± 2.4 mV, Figures 7A and 7B (C) Gramicidin perforated current clamp recordings from visually non-spiking neurons before (left) and after (right) a visual conditioning protocol. Responses to GABA puffs were recorded prior to conditioning (left insets). The neuron in the top row had depolarizing GABA responses and converted to visually spiking after the conditioning protocol, whereas the neuron in the bottom row had hyperpolarizing GABA responses and did not convert.
(D) The extent to which the non-spiking neurons showed a depolarizing response to GABA predicted conversion from visually non-spiking to visually spiking. The peak response to GABA puffs was significantly greater in converting neurons than in non-converting neurons (n = 4 and 6; p = 0.005).
visually spiking neurons that were recorded in the same animals always exhibited hyperpolarizing responses (mean: À6.6 ± 1.7 mV) to GABA A R activation (0%; 0/7; p = 0.03, Fisher's exact test). None of the neurons spiked in response to GABA A R activation, which is consistent with the observation that the GABA A R reversal potential is below the spike threshold (Akerman and Cline, 2006) . If depolarizing GABAergic transmission underlies the conversion of non-spiking neurons into spiking neurons, the polarity of the GABAergic response should be predictive of whether the neuron converts. To test this, we performed another set of gramicidin recordings in which spiking activity was first assessed before membrane perforation, and then once perforation was established, we examined the neuron's response to GABA in current clamp mode (as previously). At this point, the animals were exposed to a 15 min visual conditioning protocol (drifting bar or naturalistic stimulus) and the neuron's spiking activity was then re-assessed in current clamp. This protocol resulted in a conversion rate of 40% (4/10), comparable to the conversion rate observed in cell-attached mode ( Figure 5 ). Consistent with a role for depolarizing GABAergic transmission in the conversion process, the only visually non-spiking neurons that converted were those shown to have depolarizing GABAergic inputs (Figure 7c ; 57%, 4/7), while no visually non-spiking neuron with hyperpolarizing GABAergic inputs converted (0%, 0/3). Moreover, the extent of GABA depolarization was predictive of conversion, with the converting neurons showing a significantly larger depolarizing effect of GABA (converting neurons: +18.8 ± 2.7 mV, n = 4; non-converting neurons: +0.9 ± 3.4 mV, n = 6; p = 0.005).
These data suggest that visually non-spiking neurons could utilize depolarizing GABA to facilitate postsynaptic NMDAR activation in order to recruit more glutamatergic synaptic input and convert to spiking (Akerman and Cline, 2006; Leinekugel et al., 1997) . If this is the case, disrupting either depolarizing GABA or NMDAR-mediated signaling should prevent the emergence of visually evoked spiking behavior. To determine whether the conversion from non-spiking to spiking requires depolarizing GABAergic inputs, we used bath application of bumetanide (100 mM) to block the Cl À transporter NKCC1 that raises intracellular Cl À in developing neurons (Supplemental Experimental Procedures; Rheims et al., 2008; Wang and Kriegstein, 2011; Yamada et al., 2004) . Our loose patch cell-attached recordings confirmed that tectal neurons were still able to generate visually evoked spikes under these conditions (26%; 20/78 neurons). However, when we focused on the visually non-spiking neurons, we found that bumetanide treatment significantly reduced the number of non-spiking neurons that were converted to spiking by visual conditioning (Figures 8A and 8B ; control: 14/51 neurons, bumetanide: 1/26 neurons, p = 0.023), indicating that depolarizing GABA is required for conversion. We next investigated whether this conversion requires NMDAR activation. Application of the NMDAR blocker APV (100 mM) also prevented the conversion of non-spiking neurons into spiking neurons (Figures 8A and 8B; APV: 0/21 neurons, p = 0.01). These data therefore support a model in which depolarizing GABAergic inputs and NMDARs act in synergy to recruit more AMPAR-mediated glutamatergic synaptic input to a non-spiking neuron. This represents a mechanism that does not require postsynaptic action potentials and enables a developing neuron to become an active contributor to sensory processing in a circuit.
DISCUSSION
This study provides direct in vivo evidence of how sensorydriven spiking behavior can emerge in the developing brain. We show that at the onset of vision in Xenopus laevis, there is a significant proportion of tectal neurons that does not generate sensory-driven spikes. These functionally silent neurons are characterized by having insufficient glutamatergic input to drive them to spike threshold. A brief period of visual stimulation, however, can rapidly convert these neurons such that they begin to transmit information within the circuit. This conversion involves a selective increase in glutamatergic synaptic input, through a mechanism that is independent of postsynaptic spiking and that requires both depolarizing GABAergic transmission and NMDAR activation. To our knowledge, this is the first description of an activity-dependent mechanism that guides a neuron through the transition from non-spiking to spiking behavior. By performing visually guided patch-clamp recordings in vivo, we were able to conduct an unbiased sampling of spiking activity in the awake, developing brain. Subsequent whole-cell recordings from the same neuron enabled us to relate the spiking output to both the intrinsic properties and synaptic inputs of the neurons. In agreement with studies that have suggested that voltage-gated currents develop early during neuronal differentiation (Spitzer et al., 2002; Spitzer and Ribera, 1998) , we found that tectal neurons were intrinsically excitable even before exhibiting visually driven action potentials. We did not detect differences in the intrinsic properties of newly converted neurons compared to non-spiking neurons. This suggests that changes in the intrinsic properties do not contribute significantly to the rapid conversion to visual spiking behavior. It is nevertheless worth noting that it is difficult to completely avoid influencing the cell during wholecell recordings and so we cannot exclude a potential contribution of intrinsic properties. Although recordings performed under similar conditions have detected changes in intrinsic properties, which are associated with significantly longer (4 hr) manipulations of neural activity (Aizenman et al., 2003) .
Our data indicate that the principal change associated with the rapid, activity-dependent emergence of spiking behavior is a selective postsynaptic recruitment of more excitatory glutamatergic synaptic input. This is consistent with previous studies across tectal development, which have documented visually driven changes in the strength of glutamatergic synapses (Engert et al., 2002; Mu and Poo, 2006; Vislay-Meltzer et al., 2006; Zhang et al., 1998) and associated visually driven changes in the growth dynamics of tectal neuron dendrites (Chen et al., 2012) . Our in vivo recordings revealed that, while we cannot exclude the potential contribution of presynaptic changes, several lines of evidence indicate that the principal locus of change is in the postsynaptic neuron. First, there was no change in local GABAergic input, which presumably would have reflected widespread changes earlier in the retinotectal pathway. Second, newly converted neurons exhibited a higher AMPA/ NMDA ratio than non-spiking neurons, indicating that there was a relative increase in the AMPA receptor component of synaptic responses. Third, we did not detect a change in the NMDA response under the same conditions in which an increase in AMPA response was detected. Furthermore, although the temporal properties of visually evoked responses mean that it is difficult to distinguish retinotectal synaptic responses and polysynaptic tectal activity, we detected no significant changes in the kinetics of the AMPA responses at the same time that their magnitude increased 3-fold. This is also consistent with changes occurring in the postsynaptic neuron, rather than in the coherence of presynaptic glutamatergic input to the converted neuron.
Taken together, these observations argue for a central role for visual activity in driving the maturation of glutamatergic synapses in the retinotectal system and are consistent with previous work that has described the activity-dependent ''AMPAfication'' of glutamatergic synapses during development (Isaac et al., 1997; Rumpel et al., 1998) . For instance, it has been shown that retinotectal glutamatergic synapses follow a developmental process in which the relative proportion of AMPA to NMDA receptors increases (Wu et al., 1996) . Importantly however, the fact that conversion does not require postsynaptic spiking sets our process apart from the spike-dependent plasticity processes that have previously been shown to modulate the strength of glutamatergic tectal synapses and alter RF properties in an NMDAR-dependent manner (Engert et al., 2002; Mu and Poo, 2006; Vislay-Meltzer et al., 2006; Zhang et al., 1998) . The current findings therefore require a mechanism by which subthreshold visually evoked synaptic inputs can promote the recruitment of excitatory synaptic input.
Our data suggest that depolarizing GABAergic inputs to tectal neurons, combined with NMDAR activation, provides such a mechanism. It is well-established that GABA can depolarize developing neurons in many systems (Ben-Ari et al., 2007; Owens and Kriegstein, 2002) , including the developing optic tectum (Akerman and Cline, 2006) . While the size of visually evoked postsynaptic GABAergic conductances (reflecting the number of activated GABA A Rs) was comparable in non-spiking and spiking neurons, gramicidin recordings revealed significant differences in the nature of GABA signaling. Depolarizing GABA was only observed in neurons that had been confirmed as visually non-spiking, while spiking neurons exhibited hyperpolarizing GABA responses. Indeed, the nature of GABA signaling was predictive of whether a non-spiking neuron would convert; the non-spiking neurons that converted were those that exhibited the most depolarizing responses to GABA. Furthermore, either pharmacologically disrupting depolarizing GABA or blocking the NMDA receptor significantly reduced the rate at which non-spiking neurons converted to spiking.
These experiments also revealed that not all non-spiking neurons receive depolarizing GABAergic input, which may account for the fact that it is a subset of non-spiking neurons that convert during the 15-min conditioning period. An interesting question therefore is how these non-spiking neurons might make the transition to spiking. One possibility is that these cells will acquire depolarizing GABA inputs, possibly through dynamic changes to the chloride regulatory machinery (Fiumelli and Woodin, 2007; Khirug et al., 2010) . Another possibility is that developmental processes that are taking place over longer timescales, such as morphological growth and associated synaptogenesis (Niell et al., 2004; Chen et al., 2010) , could also provide mechanisms by which a neuron can make the transition from visually nonspiking to spiking.
In summary, our findings are compatible with a model in which the first glutamatergic synapses onto developing tectal neurons are characterized by low numbers of AMPARs and higher numbers of NMDARs, which renders such synapses largely silent at the resting membrane potential (Wu et al., 1996) . However, when glutamatergic inputs are coincident with GABAergic inputs that depolarize the neuron, the voltage-dependent Mg 2+ block of NMDARs is removed, leading to Ca 2+ entry into the neuron, an important signal for synaptic plasticity (Malenka and Bear, 2004; Akerman and Cline, 2006) . This is complemented by work in the developing mammalian nervous system, where disrupting GABAergic depolarization leads to failure of NMDARdependent excitatory synapse maturation during cortical development Kriegstein, 2008, 2011) . Indeed, a recent study on newborn neurons of the adult dentate gyrus has pointed toward a role for the environment and the GABAergic system in regulating glutamatergic synapse maturation (Chancey et al., 2013) . Thus, the mechanism that we observed here, for guiding a neuron from functional silence to active participation in information processing, may be a general mechanism in the vertebrate central nervous system. The observation that the conversion from non-spiking to spiking relies upon depolarizing GABA implies that there may be a developmental time window for this process. Indeed, it is interesting to speculate that this form of plasticity could represent the first phase in a two-phase model for the development of mature information processing in neural circuits. First, visually evoked depolarizing GABAergic inputs may provide a permissive window for neurons to recruit AMPAR-mediated glutamatergic inputs to unmask their functional properties. As glutamatergic input increases, the ability to generate spikes may mark a transition to a second phase of plasticity for developing neurons, when they can utilize spike-dependent plasticity processes that are sensitive to the statistics of the animal's sensory environment and enable instructive forms of plasticity (Engert et al., 2002; Mu and Poo, 2006; Richards et al., 2010b; Vislay-Meltzer et al., 2006) . The transition to spiking behavior may also enable the neuron to use important gene transcription processes, which can be recruited through the activation of voltage-gated calcium channels (Shieh and Ghosh, 1999) and have been shown to regulate visually driven plasticity in the tectum (Chen et al., 2012; Schwartz et al., 2011) . Such a two-phase mechanism for early life plasticity could represent a graded strategy that the brain uses to establish mature neural circuits.
EXPERIMENTAL PROCEDURES In Vivo Electrophysiological Recordings
All experiments were carried out in accordance with UK Home Office regulations. Wild-type Xenopus laevis tadpoles at developmental stages 41-44 (Nieuwkoop and Faber, 1956) were anesthetized in buffered artificial cerebrospinal fluid (ACSF: 115 mM NaCl, 3 mM CaCl 2 , 2 mM KCl, 1.5 mM MgCl 2 , 5 mM HEPES, 0.01 mM glycine, 10 mM D -glucose) containing 0.01% tricaine methanesulfonate (MS-222) and immobilized in a recording chamber using insect pins. The MS-222 anesthetic was completely rinsed out with two washes of fresh ACSF and replaced with ACSF containing 3-4 mg/ml a-bungarotoxin (Invitrogen), to prevent movements during recording. The animal was positioned with one eye centered on a square screen that occupied approximately 90 3 90 of the central visual field. A LED projector (Samsung SP-P310ME) with a 12-cm focal length convex lens (Comar Optics) was positioned on the other side of the screen to allow for the presentation of visual stimuli. Patch pipettes with a tip resistance of 5-10 MU were pulled from borosilicate glass (Warner Instruments) and back-filled with an artificial intracellular solution. For sequential recordings that involved using the cell-attached configuration followed by the whole-cell configuration, the intracellular solution was either Cs + based (90 mM CsCH 3 O 3 S, 5 mM MgCl 2 , 20 mM TEA, 10 mM EGTA, 20 mM HEPES, 2 mM Na 2 ATP, 0.3 mM NaGTP, 3 mM QX-314 [Tocris]) to permit measurements of synaptic currents or K + based to allow for assessment of excitability and voltage-gated currents (110 mM K + -gluconate, 8 mM KCl, 5 mM NaCl, 1.5 mM MgCl 2 , 20 mM HEPES, 0.5 mM EGTA, 4 mM Na 2 ATP, 0.3 mM NaGTP). For the gramicidin recordings, a high Cl À pipette solution was used to monitor whether the perforated patch was still intact (114 mM KCl, 1.5 mM MgCl 2 , 20 mM HEPES, 10 mM EGTA, 2 mM Na 2 ATP, 0.3 mM NaGTP) (Akerman and Cline, 2006) . Gramicidin (Calbiochem) was dissolved in dimethylsulfoxide (DMSO) and added to the internal solution on the day of recording to achieve a final concentration of 80 mg/ml. For loose patch cell-attached recordings (< 200 MU seal resistance), the pipette was filled with ACSF. Recordings were targeted toward the caudal region of the tectal lobe, contralateral to the eye receiving visual stimulation. For further details see Supplemental Experimental Procedures.
Recording Spiking Output, Synaptic Input, and Intrinsic Excitability Under visual guidance a gigaseal was first established with the neuronal membrane, and spiking activity was recorded in response to three repeats of a RF mapping protocol (total of 192 visual stimuli). The RF mapping protocol consisted of square stimuli (11.25 3 11.25 degrees) that were flashed at one of 64 locations defined by dividing the screen into an 8 3 8 grid. The stimuli consisted of white squares on a black background, which give rise to robust responses in developing tectal neurons (Tao and Poo, 2005) . Stimuli were presented in a pseudorandom order, and each stimulus was presented for 1.25 s, followed by 1.25 s during which the screen went black. Visually spiking neurons were defined as neurons that exhibited spiking behavior in response to the RF mapping stimulus, whereas non-spiking neurons did not show any stimulus-related spiking. In some neurons, as well as the RF mapping stimuli, full-field flash stimuli (in which the whole screen was held at maximum luminance for 2.5 s and then switched to minimum luminance for 2.5 s) and drifting bar stimuli (see ''Visual Conditioning Experiments'' below) were used to investigate whether the lack of visual spiking was stimulus-specific. Once spiking responses had been assessed in cell-attached mode, suction was applied to the pipette to break into whole-cell mode and permit measurement of visually evoked synaptic inputs to the same neuron. Glutamatergic responses were recorded to three repeats of the RF mapping stimulus at the GABAergic reversal potential (total of 192 stimuli), and GABAergic responses were recorded to three repeats of the RF mapping stimulus at the glutamatergic reversal potential (total of 192 stimuli). To construct RF maps from cellattached and whole-cell recordings, visual responses were arranged in an 8 3 8 grid according to the location of the stimuli. Spiking RF maps were generated from the spike count during the first 500 ms after each stimulus. Synaptic RF maps were generated from integrated synaptic conductances (pS*s) during the first 500 ms following each stimulus. In recordings with the K + -based pipette solution, a neuron's ability to spike in response to somatic current injection was also assessed in whole-cell current clamp mode by injecting depolarizing current steps. Voltage-gated conductances were measured in voltage clamp mode by subjecting the neuron to a series of membrane potential steps. For further details see Supplemental Experimental Procedures.
Visual Conditioning Experiments
Tectal neurons were first identified as visually non-spiking (see above). The animal was then exposed to a visual conditioning protocol, which consisted of a white bar (width 10 degrees) presented on a black background, moving at a constant speed (90 visual degrees/s) in one of the four cardinal directions and repeated with a frequency of 0.2-0.4 Hz for 15 min. For the conditioning experiments with naturalistic stimuli, neurons were first identified as visually non-spiking and the animals were then exposed to two different scenes from the ''Fresh Water'' episode of the BBC's Planet Earth series, which were repeated for a total of 15 min. Finally, the ''dark'' control experiments were identical except that the conditioning stimulus was replaced by 15 min of a dark screen. For further details see Supplemental Experimental Procedures.
Characterizing Synaptic Responses
Gramicidin perforated patch-clamp recordings were used to investigate the effect of GABA A R activation upon visually non-spiking and spiking neurons (Akerman and Cline, 2006; Kyrozis and Reichling, 1995) . To activate GABA A Rs, focal puffs of 100 mM GABA were delivered at the soma using a Picospritzer (Parker). To measure a neuron's AMPA/NMDA ratio, glutamatergic responses were pharmacologically isolated by local application of GABA A R antagonists to the optic tectum, and synaptic responses to full-field flash stimuli were recorded at À70 mV and +40 mV. For further details see Supplemental Experimental Procedures. 
